We present a dual chamber atom chip apparatus for generating ultracold 87 Rb and 39 K atomic gases. The apparatus produces quasi-pure Bose-Einstein condensates of 10 4 87 Rb atoms in an atom chip trap that features a dimple and good optical access. We have also demonstrated production of ultracold 39 K and subsequent loading into the chip trap. We describe the details of the dual chamber vacuum system, the cooling lasers, the magnetic trap, the multicoil magnetic transport system, the atom chip, and two optical dipole traps. Due in part to the use of light-induced atom desorption, the laser cooling chamber features a sufficiently good vacuum to also support optical dipole trap-based experiments. The apparatus is well suited for studies of atom-surface forces, quantum pumping and transport experiments, atom interferometry, novel chip-based traps, and studies of one-dimensional many-body systems. © 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The discovery of ultracold quantum degenerate atomic gases has opened up a wide range of physical phenomena for exploration with the high precision techniques of atomic physics. The exquisite experimental controls, high resolution probes, tunability of atomic interactions via Feshbach resonances, and long coherence times of these ultracold atomic systems has enabled their use in experimental investigations of complex many-body systems. 1 Furthermore, the coherence of these gases has advanced the development of matterwave interferometry with an eye towards precision measurements of forces. 2, 3 Finally, the availability of both bosonic and fermionic atoms can be used to study and extend the role of quantum statistics in these phenomena.
The development of atom chip micro-magnetic traps based on micro-fabricated wires on insulating substrates has further expanded the experimental control of ultracold gases. 4 These chips allow for the compact and efficient integration of tailored magnetic, electric, radio-frequency (RF), and optical fields for manipulating quantum gases that are otherwise not practical. In particular, this ability to sculpt both DC and RF near fields has enabled the development of compact atom interferometers, 5 atomic clocks, 6 and quantum gates. 7 The presence of a nearby surface has also made atom chips a convenient testing ground of the Casimir-Polder force between an atom and a surface. 8 In this paper, we present an atom chip-based apparatus that is well suited for studies of atom-surface forces, interferometry, transport in quasi-one-dimensional (1D) quantum gases, 9 and the development of novel chip-based traps. The apparatus has two vacuum chambers: atoms are collected in a vapor-loaded magneto-optical trap (MOT) situated in a first glass cell and are then loaded into a magnetic trap and transported to an atom chip in a second chamber which features an a) Electronic mail: saaubi@wm.edu isolated vacuum, precision magnetic field control, and superior optical access. The two chambers are connected by a set of narrow vacuum connections around a corner, so that any atoms dispensed into the MOT cell cannot travel directly to the atom chip surface. The apparatus is designed to be capable of producing ultracold quantum gases of bosonic 87 Rb, 39 K, and 41 K and fermionic 40 K. The potassium isotopes are particularly useful for our planned experiments due to their relatively small ground level hyperfine splittings and abundant low magnetic field Feshbach resonances [10] [11] [12] [13] for wide tuning of inter-atom interactions. At present, we have successfully produced Bose-Einstein condensates (BEC) of 87 Rb with the atom chip and loaded 39 K atoms into the chip trap. Notably, the vacuum in the MOT cell is sufficiently good that we have implemented a crossed-dipole trap loaded from a quadrupole magnetic trap, 14 which can also accommodate experiments. The paper is structured in the following manner. In Sec. II, we describe the various components of the apparatus. In Sec. III, we present the performance of the apparatus as a whole, from the collection of laser cooled atoms to quantum degeneracy on the atom chip. In Sec. IV, we conclude by discussing the prospects for the apparatus and future planned experiments. system and generally has a longer quantum gas production cycle. However, the science cell benefits from improved optical access, while also opening up space for experiments in the MOT cell.
We have chosen to use an atom chip for its proven ability to support atom interferometry experiments 5 and produce quasi-1D traps, as well as its potential for generating complex RF magnetic near-fields. 7 Furthermore, atom chips benefit from tight confinement and rapid thermalization times, which are essential for efficient evaporative cooling and sympathetic cooling. Conveniently, a change in experiment generally requires only a change in atom chip and minor modifications to the rest of the apparatus. Figure 1 shows an overall schematic of the vacuum apparatus. The experimental system is a complex combination of vacuum, optical, and electronic components, which are carefully integrated in space. Moreover, accurate temporal integration of these components is also essential. The proper temporal sequencing of all the different components is quite intricate and requires the use of a dedicated sequencer (AdWin-Pro II) for controlling 26 analog signals and 29 digital signals that must be varied with μs-level accuracy over the course of the 40 s BEC production cycle. In Subsections II A-II G, we present the details of the vacuum system, laser cooling system, magnetic trap, transport system, atom chip, imaging systems, and optical dipole traps.
A. Vacuum system
The vacuum system design is driven by the necessity of keeping the chip surface as clean as possible and free of possible contaminants from the vapor-loaded MOT. As shown in Figure 1 , the MOT and chip are in two separate, doubleended, rectangular glass cells (Technical Glass) connected via a vacuum constriction with a corner to eliminate line-of-sight atomic trajectories between the two cells. A vacuum shutter placed along this path can be used to further isolate the two cells. The atom chip science cell is vertically oriented to ensure long time-of-flight (TOF) imaging for atoms released from the chip trap.
MOT cell
The MOT cell is a rectangular Pyrex cell with external dimensions 17 cm in length and 6.3 cm in width and height. Both sides of the cell are connected to cylindrical glass necks which then transition via glass-to-metal seals to steel Conflat flanges with diameters 2.75 in. and 4.5 in. A formed bellows connects the glass-to-metal seal to the 2.75 in. flange and allows the 51 cm length of the entire cell fitting to be adjusted by a few millimeters. This bellows also relieves mechanical stresses in the cell components and interfaces during bake-outs.
The MOT cell is connected to a 4.5 in. Conflat six-way vacuum cube that supports a 55 l/s ion pump, a titaniumsublimation pump (TSP), an all-metal angle valve, a residualgas analyzer (RGA), and a vacuum viewport. The ion pump (Varian StarIon Plus 55) operates at 7 kV and is the primary pump for the MOT cell. The TSP assembly (Gamma Vacuum) is attached to the six-way cube via a 4.5 in. Conflat rightangle elbow. The TSP provides a calculated pumping speed of about 60 l/s, but in practice it is used as a back-up pump and is rarely activated (about once per year). The all-metal angle valve provides a connection for a 60 l/s turbo-molecular pump (Pfeiffer) used for initial pump down and bake-out. The RGA (ExTorr XT100) is installed on a four-way cross with a vacuum viewport for independent verification of filament operation. The RGA ion gauge indicates that the vacuum is in the low 10 −10 Torr range, due almost exclusively to hydrogen.
Atom chip cell
The atom chip science cell and the MOT cell are both connected, at right angles, to a custom four-port 2.75 in. cube (Kimball Physics). A custom vacuum shutter (Huntington Mechanical Laboratories) is sandwiched between this cube and the flange of the MOT cell and provides the ability to isolate the vacuums of the MOT cell and the science cell from each other. A 40 l/s ion pump at 7 kV (Varian VacIon Plus 40), powered by the same controller as the other ion pump, maintains the vacuum of the atom chip cell. This ion pump has a line-of-sight view of the MOT and its dispensers for additional pumping of the MOT cell. A viewport on the bottom of the cube provides a direct but distant view of the atom chip.
The science cell is a smaller version of the MOT cell. It features a double-ended rectangular cell (7.7 cm × 4.6 cm × 4.6 cm) with steel flanges. One of these flanges is a 2.75 in. Conflat that connects to the four-port cube, while the other end of the cell has a 3.375 in. Conflat flange that connects to a custom multiport flange (McCallister Technical Services). This multiport flange provides all the electrical connections for the atom chip via a central 2.75 in. port with a 20-pin DC electrical feedthrough and six 1.33" ports with SMA RF feedthroughs.
Atom sources
Two rubidium and two potassium dispensers (SAES and Alvatec) supply the MOT cell with 85 Rb, 87 Rb, 39 K, 40 K, and 41 K. All of these isotopes are bosonic with the exception of fermionic 40 K. Since this isotope has a natural abundance of 0.01%, one of the dispensers (Alvatec) contains potassium that is isotopically enriched to 7% with 40 K. The dispensers are installed on a narrow 4.5 in. diameter spherical octagon (Kimball Physics) featuring 1.33 in. Conflat ports. Each one of the four dispensers is mounted on long copper wires supported with Groove Grabbers (Kimball Physics) attached to We use light induced atom desorption (LIAD) to dynamically vary the Rb and K vapor pressure in the MOT cell by nearly three orders of magnitude on a sub-second timescale. We apply up to 1.8 W of 405 nm light from seven LED modules (Epitex, L405-66-60-550) during the MOT loading stage to desorb Rb and K atoms that were originally deposited on the cell walls by the dispensers: as Figure 2 shows, the LIAD process increases the Rb MOT population by up to a factor of 10 4 . In the case of 39 K, we see increases in the MOT population of well over a factor of 10 2 . The LIAD light is turned off immediately after the MOT loading to allow the vacuum pressure to recover. The LIAD LEDs are powered by a lab-built constant current source.
Vacuum quality
The vacuum of the MOT cell is better than expected given that we activate a Rb dispenser (SAES) every one or two days for 5-10 min: We observe 87 Rb MOT loading time constants on the order of 10 s and 87 Rb and 39 K magnetic trap lifetimes of about 18 s. We attribute this performance in part to our careful vacuum cleaning procedure. 18 The entire vacuum system was baked-out at 100
• C for two weeks. 19 The bake-out temperature is limited by the Alvatec dispensers and UHVgrade electrically conductive epoxy used for connections to the atom chip. The lifetime of atoms in the chip trap is in the range of 7-9 s.
B. Laser cooling system
The first cooling step towards producing a quantum gas is laser cooling in a large-beam collection MOT. As shown in Figure 1 , the MOT is formed by three pairs of counterpropagating beams directed into the MOT cell. We use large beams that are just under 5 cm in diameter to maximize the MOT loading rate. 20, 21 The beams are not retro-reflected to minimize shadowing of the cooling beams and ensure a low laser cooling temperature. 22 We typically operate the MOT with a ∼9 G/cm magnetic gradient (strong axis) produced by anti-Helmholtz-style coils, which are also used for magnetic trapping. The MOT can cool both Rb and K isotopes simultaneously since the cooling light beams for both species are combined before being directed into the MOT cell. The laser-cooled atoms are monitored by their fluorescence with an industrial-grade CCD camera (Unibrain) placed directly above the MOT and a miniature TV camera. Once a sufficient number of atoms has been collected in the MOT, we extinguish the cooling light and the magnetic gradient, and then apply a brief (5-12 ms) optical molasses pulse to further cool the atoms down (30 μK for 87 Rb). The molasses pulse is followed by a short (∼1 ms) optical pumping pulse before the atoms are loaded into the magnetic trap.
The Rb and K dual-species MOT is operated on the D2 lines of these elements at 780 nm and 767 nm, respectively. The K and Rb laser systems share a similar architecture (see Figure 3 ) for producing trap light and a somewhat lesser amount of repumper light for the dual species MOT, as well as probe light for imaging and optical pumping. A master external cavity diode laser (ECDL) is locked to a saturated absorption transmission line: we produce an error signal by using a lock-in amplifier to observe the saturated absorption probe signal at the roughly 100 kHz dither frequency of the pump light. The pump light frequency dither is inserted by way of a double-pass acousto-optic modulator (AOM) which imposes a frequency shift of +ν on the pump light, but also causes the transmission line of the probe to be offset from the original saturated absorption transmission line by a frequency of −ν/2.
23 Some master ECDL light is also sent through another double-pass AOM to injection lock a commercial diode laser via a Faraday rotator, thus providing a significant laser power increase. This second double-pass AOM provides frequency control of the injected laser light. The light from the injected laser is then sent through an 80 MHz single-pass AOM for amplitude control. The resulting light is then combined with another similarly generated beam to provide the trap and repumper light for the MOT. We also derive probe and optical pumping light by picking of light from the trap and repumper beams. Before being directed into optical fibers, these combined beams pass through lab-made optical shutters 24 to provide additional gating and optical path selectivity. Our scheme provides independent control between the trap (and probe) and repumper light, so that we can turn off the repumper light for absorption imaging, but turn it on for optical pumping and fluorescence imaging.
We amplify the combined trap and repumper light with a lab-built tapered amplifier setup 25 before sending it to the MOT. A shutter placed after the tapered amplifier blocks its spontaneous emission during magnetic trapping and transport. All lasers and tapered amplifiers are protected against back reflections with Faraday rotators.
The laser systems and the vacuum apparatus are on separate optics tables to suppress unwanted magnetic, electrical, optical, and mechanical coupling between these two systems. Optical fibers direct trapping light, laser probes, and optical pumping light onto the apparatus table.
The Rb and K trapping light is combined and then split up along six separate beams, which are then directed into the MOT via 1:5 expansion telescopes. We use dichroic waveplates (λ/2 for 767 nm and λ for 780 nm) to independently control the power balancing for the Rb and K light along each arm of the MOT. A small portion of the combined Rb and K trapping light is picked off and sent to a commercial scanning Fabry-Perot cavity to monitor the individual powers of the trapping and repumper lasers for Rb and K simultaneously, while also verifying the proper injection locking of the lasers.
K lasers
The K laser system (see Figure 3 ) features a single 767 nm ECDL master laser (New Focus) locked to the 39 K 4S 1/2 , F = 2 ↔ 4P 3/2 transitions. Following the earlier explanation of the laser lock scheme, the pump beam in the saturation spectroscopy setup is offset by ν = +2 × 90 MHz with respect to the probe implying that the lock point of the ECDL is −ν/2 = −90 MHz from the transition line. We use master laser light to injection lock two different diode lasers (Eagleyard EYP-RWL-0770-00025) simultaneously: one laser is offset by +2 × 77.5 MHz (AOM-1) and eventually serves as the trap laser, while the other is offset by +2 × 310 MHz (AOM-2) and eventually serves as the repumper. After subtracting 80 MHz from both beams with single-pass AOMs (AOM-3,4) and then combining them, we send a total of 15 mW to a tapered amplifier (Eagleyard EYP-TPA-0765-01500) to produce up to 90 mW of combined trapping and repumping light. We find that a 2:1 ratio of trap to repumper light is necessary for reliable operation of the 39 K MOT. In principle, this architecture can be used for trapping 40 K ( 41 K) by replacing the 80 MHz double-pass AOM-1 used for the injection with a 320 MHz (110 MHz) AOM and locking the ECDL master laser to the 39 K cross-over transition. A small fraction of the trapping and repumping light is picked off for use as probe and optical pumping light and then subsequently combined with the rubidium optical pumping and probe light; these beams are gated by mechanical shutters before being directed to the vacuum apparatus table via optical fibers.
Rb lasers
The Rb laser system consists of two ECDL lasers (New Focus) at 780 nm. One of the ECDL lasers (Rb Master in Figure 3 ) is locked to the 5S 1/2 , F = 2 ↔ 5P 3/2 , F = 3 saturated absorption line of 87 Rb. As with the K laser lock scheme, we offset the pump beam so that the ECDL is locked +65 MHz above the transition line. We apply a −2 × 110 MHz frequency shift with a double-pass AOM (AOM-5) to the main output of the ECDL and use it to injection lock a diode laser (Sanyo DL7150-201W) with an output power of about 50 mW. This light is given a +80 MHz frequency shift (AOM-6) and serves as the trapping light after it is combined with repumper light from a second ECDL laser. While some of the combined beam power is used for absorption probes and optical pumping, most of the power is sent by fiber to a tapered amplifier (Eagleyard EYP-TPA-0780-01000) to provide 300 mW of usable power for the MOT. The Rb MOT laser beams have a typical peak intensity of 1.4 mW/cm 2 per beam. Alternatively, the laser system produces a 85 Rb MOT when the master ECDL laser is locked instead to the 5S 1/2 , F = 3 ↔ 5P 3/2 , F = 4 saturated absorption line of 85 Rb, and the reference lock frequency of the ECDL repumper laser, described in the next paragraph, is appropriately adjusted.
The Rb ECDL repumper laser is locked directly to the master ECDL laser frequency instead of an atomic transition. We combine a small amount of light with parallel polarizations from both ECDL lasers on a 50:50 beamsplitter and direct one of the resulting beams onto a low-cost, high-speed telecom photodiode (Finisar, HFD6180-418) to detect the beatnote between the two optical fields at about 6.4 GHz. The resulting microwave signal is converted to a digital pulse train with a limiting amplifier (Hittite, HMC750LP4). We use a divide-by-8 frequency divider (Hittite, MHC363G8) to reduce the signal below 1 GHz and then direct it to a phase-frequency detector (PFD) where it is compared to a 0.8 GHz reference signal. The PFD (Hittite, HMC439QS16G) generates an error signal which we then feedback with a proportional-integral gain module to the piezo and current of the repumper ECDL laser to stabilize its frequency. This locking scheme is very robust (the laser rarely, if ever, needs to be re-locked, even in the presence of mechanical disturbances) and uses manufacturersupplied evaluation boards for all the microwave and radiofrequency operations. The relative linewidth of the lock is comparable to the short term sub-MHz width of the beatnote when the ECDL lasers are free running. The repumper light is shifted by +80 MHz (AOM-7) before being combined with the trap light.
Finally, we generate optical pumping light on the 5S 1/2 , F = 2 ↔ 5P 3/2 , F = 2 transition by picking off light from the original trap injection laser beam and shifting it −2 × 80 MHz with a double-pass AOM (AOM-8) and combining it with some repumper light. We use this optical pumping light to preferentially populate the F = 2, m F = +2 state after the optical molasses pulse to prepare the atoms for loading into the magnetic trap.
C. Magnetic trapping system
Once collected and cooled in the MOT, the next step is to load the atoms into the magnetic trap in preparation for transport to the atom chip. As shown in Figure 4 , we extinguish the MOT light, quickly turn off the MOT anti-Helmholtz coils (referred to as the "MOT coils"), and then apply optical molasses to further cool the atoms by turning the MOT light back on. Next, we apply a ∼1 ms optical pumping pulse to preferentially populate the F = 2, m F = 2 state, and then quickly turn on the magnetic trap at 60 G/cm (strong axis) with 70 A Plot of MOT coil current versus time for the MOT, fast turn-off, molasses, fast turn-on, and magnetic trap stages. The current was measured with an isolated current monitor (see Figure 5 ) and a low-pass filter (15 μs time constant). The vertical gray bands show the times during which the "fast on" and "fast off" electronics are in operation (see Figure 5 and main text): power supply PS-2 provides the current before the "fast off" at time t off , while power supply PS-1 serves as the current source after the "fast on" period, which starts and ends at times t on,1 and t on, 2 , respectively. The inset shows a zoomed in view of the fast turn-off. (Bottom) Timing diagrams for the Rb MOT and molasses light and the Rb optical pumping (OP) light. in the MOT coils. The 30 G/cm vertical gradient is sufficient to overcome gravity for the F = 2, m F = 2 state of 87 Rb, but not for the F = 2, m F = 1 state (both equivalent states of 39 K can be trapped at this gradient), thus ensuring a spin-polarized 87 Rb cloud. We do not employ this spin distillation method in 39 K, since the optical pumping process is sufficiently efficient (due to the much smaller 39 K MOT population relative to 87 Rb) for producing a magnetic trap of primarily F = 2, m F = 2 atoms.
Each of the principal coils of the anti-Helmholtz MOT coils (circular purple coils in Figure 1 ) is composed of two single-layer copper ribbon wire coils and two insulated copper water cooling coils that form a wire-water-wire-water sandwich. We electrically connect the copper water coils in Helmholtz configuration to provide magnetic bias field trimming along the x-axis. The Helmholtz-style "push coils" (labeled P1 in Figure 1 ), used for transferring atoms from the magnetic trap to the transport system, are constructed in the same manner, but with single layers of ribbon wire and water cooling coils. Similarly, the water cooling coils from these are used for trimming the magnetic field along the z-axis. A small rectangular coil pair (purple in Figure 1 ) is used for vertical (y-axis) magnetic field adjustments.
We use a high current switch, shown in Figure 5 , to control the current through the MOT coils for the MOT and magnetic trap. Despite the 0.6 mH inductance of the coils, the switch is capable of rapid turn-off from 100 A in less than 100 μs (at time t off in Figure 4 ) and fast turn-on to 70 A in under 400 μs (between times t on,1 and t on,2 in Figure 4 ). The rapid turn-off is essential for maintaining the atomic cloud density prior to the molasses and enabling reliable absorption imaging of the MOT and magnetic trap. The fast turn-on minimizes heating of the atoms during activation of the magnetic trap. The switch circuit is based on one from Ref. 26 but has been adapted to accommodate two power supplies. Our high current supply (Agilent, 6571A-J03, labeled PS-1 in Figure 5 ) cannot respond to programming changes faster than ∼50 ms, constraining the speed of magnetic field changes during the MOT to magnetic trap transition. We circumvent this limitation with a dual supply system that dedicates a modest current source (Kepco, ATE 6-25M, labeled PS-2 in Figure 5 ) to MOT operation, but switches in the PS-1 high current supply to run the magnetic trap. The pre-programmed PS-1 high current supply is connected via a highcurrent MOSFET switch (STMicroelectronics STV270N4F3) between the times t off and t on,1 of Figure 4) ; during this time we also set the voltage of power supply PS-2 to zero.
Fast off
We use a bank of six insulated gate bipolar transistors (IGBTs) in parallel as a high current switch to provide "fast off" and "fast on" operation of the MOT coils. At time t off in Figure 4 , the "fast off" electronics are triggered and break the circuit with the IGBTs, which causes a high voltage inductive spike V across the coils given by V = LdI /dt, with L and I the inductance and current of the coils: the faster the current is turned off, the higher the voltage spike. 
Fast on
The magnetic trap "fast on" requires the application of a large voltage to the MOT coils to drive the initial current increase. We use a C = 150 μF capacitor pre-charged to 180 V to act as a temporary high voltage source of high current. The PS-1 high current power supply is programmed as a voltage source and connected to the circuit with the MOSFET switch during the optical molasses stage. The pre-charged capacitor is kept behind a silicon-controlled rectifier (SCR) diode, which when triggered connects the capacitor to the circuit: 100 μs after the SCR trigger, the IGBT switch is closed at time t on,1 in Figure 4 , and the capacitor quickly drives current through the MOT coils. The capacitor and MOT coils form a LC circuit with a f = 1/(2π √ LC) resonant frequency, and after a quarter period the current peaks at 70 A and the coil (and capacitor) voltage has dropped enough for the PS-1 high current supply to power the coils in constant voltage mode. At time t on,2 in Figure 4 , the SCR latches up and isolates the capacitor from the circuit so that the PS-1 high current supply becomes the only current source. The magnetic trap is held at 70 A for 500 ms to allow untrapped atomic states to fall away and to permit the power supply to transition to constant current mode. We then compress the trap to 80 G/cm (strong axis) for the transfer to the transport system. 
D. Magnetic transport system
We transfer the atoms from the MOT cell magnetic trap to the atom chip in the science cell with a transport system consisting of seven staggered quadrupole magnetic traps and no moving parts. Seven identical anti-Helmholtz coil pairs are interleaved over the 60 cm L-shaped path from the MOT to the atom chip: four from the MOT cell to the corner and three from the corner up to the science cell. The transport coil pairs overlap each other according to the arrangement shown in Figure 6 (a). This scheme ensures that a magnetic quadrupole potential can be translated along the common weak axis of the coils by appropriately ramping the currents of three adjacent coil pairs. 27 A large Helmholtz-style push coil pair (labeled P1 in Figure 1 ), which produces a quasi-uniform magnetic field along the z-axis, assists the transfer of atoms from the magnetic trap into the first quadrupole trap of the transport system. Similarly, a single large water-cooled push coil (labeled P2 in Figure 1) , positioned above the atom chip, produces a vertical magnetic field to assist with loading atoms into the micro-magnetic trap of the atom chip located 1.5 cm above the center of the final transport coil pair.
The current ramps (see Figure 6 (b)) necessary for transporting the atoms by adiabatic translation, with minimal heating are determined by meeting three conditions: 28 (1) The total magnetic field at the (moving) trap center must be zero; (2) the gradient along the translation axis must remain fixed; and (3) the aspect ratio between the two orthogonal axes must remain fixed at an optimal value determined by the coil geometry. These conditions are maintained by using three pairs of coils simultaneously and using a predetermined position and velocity curve (see Figure 6(c) ) to generate the current ramping sequence displayed in Figure 6 (b). The overall timing is scaled experimentally to maximize speed and efficiency while minimizing heating of the atomic cloud.
Transport coils
Each of the transport coil pairs consists of two 26-turn coils of copper ribbon wire. These coils are mounted to a water-cooled copper and thermoplastic heatsink frame to dissipate up to 1.5 kW of peak power consumed by the coil pairs. We use thermal epoxy (Epoxies etc., 50-3170BK) to bond the coils to the heatsinking frame. Thermoplastic is used for the first and last coils to minimize the risk of eddy currents in the vicinity of the MOT and the atom chip. The transport current ramps of Figure 6 (b) are too slow to produce any significant eddy currents.
Current multiplexer
Since the transport system only requires three or fewer coils to be under current at once, we power it with three power supplies (Agilent, 6571A-J03) that are multiplexed to the seven transport coil pairs and the two push coils. As shown in Figure 7 , each power supply is connected to three transport system coil pairs whose current can be turned on or off by means of a MOSFET-based high current switch (two STV270N4F3 in parallel). A 2-bit selector guarantees that only a single switch of the three can be on at any one time. During the course of the transport system current ramps, FIG. 7 . Current multiplexer circuit for the transport system. The circuit directs up to 150 A of current from a high current power supply to one of three transport coils based on a 2-bit digital control signal. A fourth back-up output is not shown. Three such circuits allow three power supplies to direct current to the seven transport coils and two push coils. The MOSFET symbol represents two such devices in parallel. The TVS symbol represents six such devices in parallel with a 15 V clamping voltage. Optical digital isolation is represented by the · · // · · symbol, and analog galvanic isolation is represented by the --//--symbol.
shown in Figure 6(b) , the multiplexer switches from one coil to another when the current is brought to zero. A bank of six bi-directional TVS diodes protects each MOSFET switch and its power supply against the inductive voltage spike produced by switching a coil in the event that it has not been powered down. Moreover, these protection diodes also ensure a submillisecond turn-off time for each fully powered coil pair. All digital control lines feature optical isolation to limit the possibility of ground loops. Furthermore, due to the high currents involved, the transport system is fully isolated from the apparatus ground: The analog control lines for the high current power supplies are attached to the main sequencer via galvanic isolation buffers (Texas Instruments, ISO124); the MOSFET switches are powered by floating DC-DC voltage regulators; and the coils are electrically isolated from their heat sink frame.
While the transport system is thoroughly heat sunk and water cooled, the coils dissipate sufficient power that thermal damage remains a danger. As depicted in Figure 7 , the multiplexer circuit includes isolated current sensors for each coil pair that are monitored by a safety-interlock circuit. This safety system imposes a global maximum current threshold as well as local and global current-time integration thresholds. If any of these preset thresholds are crossed, the system will fault, turning off all the MOSFET switches. As an added precaution a trip signal is also sent to an external safety-interlock system that monitors the temperatures of the transport system and other apparatus coils. When this external protection system detects an over-current or over-temperature condition, it turns off all the high current power supplies via solid state relays installed on the AC power lines for these devices.
E. Atom chip
The atom chip is the primary location for experiments. As such, it features a number of DC and RF magnetic fields for producing a micro-magnetic trap for RF evaporation to quantum degeneracy, as well as for future experiments. Additionally, the atom chip has several optical probes and imaging systems directed at it for in situ and time-of-flight measurements. The tight confinement of the chip trap ensures fast re-thermalization times for rapid RF evaporation. The atom chip is well suited for experiments requiring highly elongated or pseudo-1D traps, RF near-field potentials, or a nearby surface for atom-surface force studies. Generally, a new experiment requires only a modification to the atom chip and not the entire apparatus.
In order to produce a BEC, the atoms are confined in the Z-wire trap produced by a thin Z-shaped wire on the chip, as shown in Figure 8 . The central portion of the wire is 50 μm wide, while the "endcap" leads are 200 μm wide. The wire has a thickness of just over 3 μm. A cigar-shaped Ioffe-Pritchard style trap is produced below the Z-wire, when a DC current is directed through it in combination with the application of an external bias magnetic field B hold , parallel to the plane of the chip and transverse to the central portion. The "endcap" leads ensure that the trap minimum occurs at non-zero magnetic field, and we add a longitudinal magnetic field B Ioffe , parallel to the central wire, to increase this magnetic minimum. The trap is harmonic in all directions: for a wire current I Z = 1 A, B hold = 20 G, and B Ioffe = 4.9 G, the calculated axial and radial trap frequencies for Rb (K) are ω z = 2π × 9.3 Hz (2π × 13.9 Hz) and ω r = 2π × 1.1 kHz (2π × 1.6 kHz), respectively; the trap is 100 μm from the chip surface. We use a U-shaped wire to produce a RF magnetic field in the 1-20 MHz range for forced evaporation of chip-trapped atoms. In addition to the U and Z wires, the atom chip features a number of additional wire structures for future manipulation of the trapped atoms with magnetic biases, gradients, and RF fields that are not shown in Figure 8 .
The chip is connected by screws at it corners to an aluminum support stack, which is mounted on a vacuum flange above it. This stack serves as heat sink for power dissipated in the chip wires and as support for the wire leads that feed the chip. A small amount of vacuum compatible epoxy (model: FO-EPXY-UHV, Accu-Glass Products, Inc.) bonds the chip to the stack for improved thermal conductivity. The support stack is attached to a multiport flange that provides DC and RF (SMA) electrical connections. Kapton-insulated wires and coaxial cables connect the electrical feedthrough to the chip. These wires are attached to the chip with vacuum-compatible electrically conductive epoxy (EPO-TEK H21D, Epoxy Technology, Inc.).
The Z-wire trap is powered by a fast, high stability, precision bipolar current source (High Finesse, BCS 5/5). In order to suppress noise and ground loops, the current source is galvanically isolated from the analog control signal ground. One side of the chip wire is explicitly grounded to the optics table and the multiport vacuum flange. An over-current protection interlock system ensures that the Z-wire current I Z remains at or below 1 A for at most 10 s, which we have determined to be safe based on resistive heating measurements. Two compact Helmholtz-style coil pairs (blue in Figure 1) , positioned a few millimeters from the science cell and centered on the chip, provide a holding field B hold along the x-axis and a Ioffe field B Ioffe along the z-axis, as shown in Figure 8 . A single horizontal coil (also blue in Figure 1) above the chip provides a modest vertical bias magnetic field. These three bias coils are powered by high speed bipolar current sources (Kepco BOP series) for rapid modulation and turn-off on time scales of 100-200 μs.
The U-wire RF current is produced by a custom RF circuit. A 16 dBm RF signal is generated by a direct digital synthesis function generator (Berkeley Nucleonics, model 645). We control the RF amplitude with an analog voltage controlled attenuator and a TTL RF switch. The RF signal is sent to the chip via an isolation transformer and a series 50 resistance for impedance matching. Forced evaporation frequency sweeps are produced by frequency modulating the RF source with an analog ramp signal. 29 A RF amplifier is not necessary due to the proximity of the atoms to the U-wire.
F. Imaging systems
We use absorption imaging for in situ and time-of-flight measurements of atomic cloud parameters, such as density, temperature, and atom number. As shown in Figure 8 , probe lasers are directed parallel to the chip along the axial and horizontal radial axes to image the atoms with CCD cameras. We employ industrial grade cameras (Unibrain, Firei 530b and Fire-i 701b) with the CCD chip cover glass removed to avoid interference fringes from it. The cameras are each fitted with a 1:1 achromatic doublet pair imaging system (Thorlabs, MAP10100100-B) with a 10 cm imaging distance. While these probe lasers can be used for fluorescence imaging of very small atomic clouds, we generally use absorption imaging for high fidelity measurements of atomic cloud parameters. We employ a double-shot imaging method whereby 0.3-0.5 s after taking an image with atoms present, a reference image is taken without the atoms, so as to minimize non-atomic variations in between the imaging and reference probe pulses.
Despite using Gaussian laser probes from a single mode polarization maintaining fiber, we find that the probes that impinge upon the CCDs contain several interference fringe patterns. The glass cell presents four non-anti-reflection coated surfaces, and we see interference fringes due to these, though they are quite stable over the double-shot imaging duration. Experimentally, we find that reflections between the imaging systems and other optical elements in the absorption probes' paths, such as the glass cell, produce high-frequency interference fringes that are not stable over the course of the doubleshot period. However, careful adjustment of the imaging systems' orientation and position can minimize these fringes sufficiently.
We monitor the MOT with a top view CCD camera similar to those used for the atom chip. The camera is used for aligning the MOT with the magnetic trap and for temperature measurements of the cold atoms. This CCD camera can also be used for absorption imaging of MOT-region atoms using resonant light directed along the optical pumping laser path with which it is aligned. We also use a black and white TV camera for general monitoring of the MOT.
G. Optical dipole traps
The apparatus includes two optical dipole traps: a low power trap in the vicinity of the atom chip, and a high power crossed dipole trap in the MOT cell.
The chip dipole trap is based on a 1.5 W 1064 nm fiber laser (NovaWave Technologies). We use about 1 W of optical power, controlled by an 80 MHz AOM, to form the trap. The output power of the laser is sufficiently stable that no active power stabilization is necessary. The chip dipole trap has an estimated trap depth of 20 μK 30 for a 60 μm waist and is aligned with the main axis of the Z-wire trap for approximate mode-matched transfer between them. Conveniently, a λ/2 waveplate and a polarizing beamsplitter cube can be used to direct the dipole trap light at the chip region or the MOT cell.
The crossed-dipole trap in the MOT cell is formed by two lasers: a 10 W 1064 nm Nd:YAG laser (Spectra-Physics, model 3800) and light re-directed from the 1064 nm fiber laser. We use about 6 W of the Nd:YAG light, controlled by a high-power 40 MHz AOM, for the dipole trap. We actively stabilize the Nd:YAG laser power to better than ±0.6% (peak-to-peak) over a bandwidth of 10 kHz. We use a 30 cm achromat lens to focus the Nd:YAG laser down to a somewhat elliptical waist with a mean radius of 120 μm to form a dipole trap. We form a crossed dipole trap by folding the trapping beam back on itself through a second 30 cm lens, but with a small angle between the two beams. The broadband nature of the laser and the 1.4 m distance over which the laser is folded back on itself combine to partially suppress the formation of an optical lattice at the trap: Based on first-order coherence measurements, we estimate the lattice fringes to be on the order of 20% or less of the total trap laser intensity and are working on additional mechanisms to further suppress these. In the limit of no lattice fringes, the trap has an estimated depth of 50 μK. 30 Optionally, we focus the 1064 nm fiber laser light with another 30 cm achromat lens onto the Nd:YAG trap to form a tighter crossed dipole trap. All of the dipole laser beams are directed horizontally into the MOT cell at small angles from the two horizontal MOT beams.
III. PERFORMANCE
The apparatus functions as designed and, at present, produces quasi-pure BECs with a 40 s cycle time. We focus first on the performance of the apparatus from MOT to BEC on the chip for 87 Rb (Subsection III A). In Subsection III B, we present details on the dimple in our Z-wire chip trap. Finally in Subsections III C and III D, we describe on-going work with potassium and the dipole traps, respectively.
A. Rubidium: MOT to BEC
The MOT collects several 10 8 87 Rb atoms in 25 s at a temperature of about 60 μK with a detuning of 21 MHz ≈3.5 and a peak intensity per beam of 1.4 mW/cm 2 ≈0.8I sat ; and I sat are the linewidth and saturation intensity for the D 2 cycling transition. After turning off the MOT light and magnetic gradient, we apply a 5-12 ms molasses stage by turning the MOT light back on at reduced power and a detuning of 56 MHz ≈9.2 with the repumping power reduced. As shown in Figure 4 , we then apply a 1.1 ms optical pumping pulse to preferentially populate the F = 2, m F = 2 ground state and load up to 3 × 10 8 into the magnetic trap (80 G/cm). At this point the atoms have a temperature of about 50 μK, a phase-space density (PSD) of 2 × 10 −6 , and a collision rate of 6 s −1 . The atoms are then transferred to the transport system, which conveys them around the corner and up to the atom chip in the science cell in just under 8 s.
We load over 5 × 10 6 87 Rb atoms into the chip Z-wire trap by adiabatically ramping up the Z-wire current to I Z = 1 A and the holding magnetic field to B hold = 20 G while slowly turning off the transport quadrupole trap over the course of 450 ms. We also apply an axial magnetic field B Ioffe = 4.9 G to protect against spin-flip loss from low-frequency RF noise. Once the atoms are fully loaded into the chip trap, the PSD is 5×10
−6 with a peak collision rate of at least 30 s −1 per atom. We observe a chip trap lifetime of about 7 s. Next, we compress the atoms to increase the collision rate by ramping up the holding field to B hold = 46.4 G, resulting in a radial trapping frequency (calculated) ω r = 2π × 4.5 kHz. The compression occurs over 1 s and results in some evaporation, yielding a PSD of 8 × 10 −6 with 4 − 5 × 10 6 atoms. We turn on the RF evaporation knife produced by the Uwire current I RF at 19 MHz during the chip loading and begin to ramp it down after the compression. After reaching a PSD of 10 −2 with 3 × 10 5 atoms, we relax the chip trap by ramping down B hold to 20 G to produce a more relaxed trap 100 μm (calculated) from the chip. We perform the final evaporation to BEC in the relaxed trap by ramping the RF knife from 3.8 MHz down to 3.4 MHz over the course of 2 s, with the final 50 kHz covered in 0.8 s. Figure 9 shows the PSD as a function of atom number for the evaporative cooling path for 87 Rb in the Z-wire trap. The entire evaporation process takes 6 s from compression to BEC.
We observe the BEC transition at T ∼ 0.3 μK with 2 − 4 × 10 4 atoms and produce quasi-pure BECs with 10 4 atoms. In Figure 10, we show the onset of BEC through the appearance of the bi-modal distribution of the BEC peak on top of the Gaussian thermal cloud and the inversion of the BEC aspect ratio during the TOF expansion.
B. Dimple trap
Atom chip micro-magnetic traps frequently exhibit potential roughness, and our Z-wire trap is no exception. Evaporation in the compressed trap quickly loses efficiency at temperatures below 3 μK (this is the temperature after decompression to the relaxed trap used for imaging, according to the trap parameters listed in Sec. II E). Figure 11(a) shows an image of 3.4 μK cloud of 87 Rb atoms, at very short TOF after turn off of the Z-wire trap, which shows the appearance of faint clumping in the atomic density distribution. We attribute these density irregularities to potential roughness, which can create small localized potential wells, or dimples, in the axial trapping potential. These irregularities impede thermalization in the axial direction and can lead to heating when the trap is decompressed. As shown in Figure 11 (c), we apply a modest magnetic gradient along the Z-axis of the trap with the last quadrupole coil pair of the transport system to center the atomic cloud on the largest dimple. We perform this action at the end of the compressed trap stage and find that it is sufficient to push most of the atoms into this dimple. While the dimple is a little under 2 μK deep, it benefits from a relatively high axial trapping frequency: we measure the axial and radial trapping frequencies of the dimple to be ω z = 2π × 53 Hz and ω r = 2π × 1.04 kHz, respectively, by observing observing axial and radial oscillations of excited clouds. The final evaporation then benefits from enhanced rethermalization due to the tight axial confinement of the dimple.
We determine the axial potential directly by in situ imaging of ultracold 87 Rb atoms at very short TOF. The in-trap density is approximately given by n( r) exp[−U ( r)/kT ]/ 3 , where U ( (r)) is the trapping potential, = h/ √ 2πMkT is the thermal deBroglie wavelength, T is the temperature of the gas, k is Boltzmann's constant, h is Planck's constant, and M is the mass of the gas particles. 14, 31 In Figures 11(b) and 11(d) , we show the axial potentials derived from the T = 3.4 μK images at 1.95 ms TOF in Figures 11(a) and 11(c), respectively, after summing over the radial distribution: ignoring the dimples, the overall axial trapping potential in Figure 11 (d) is basically harmonic with an inferred axial frequency of ω z = 2π × 8.5 Hz. At this temperature and TOF, the potential of the dimple is blurred by the motion of the expanding atomic cloud. We obtain a better representation of the axial potential by reducing the temperature to T = 0.5 μK at 1.25 ms TOF: As shown in Figures 11(e) and 11(f), there remains some blurring, but the resulting axial trapping frequency ω z = 2π × 51 Hz, which was obtained from a parabolic fit of the potential, approaches the oscillation-based measurement.
C. Potassium: Cooling and trapping
We have laser cooled a sample of 39 K atoms, loaded them into the magnetic trap (see Figure 12(a) ), transported them to the atom chip, and successfully loaded them into the Z-wire trap (see Figure 12(b) ). We operate the potassium MOT in two stages 32 (see Table I for details): a collection stage (KMOT) uses far-detuned trapping light to maximize the number of trapped atoms, after which a short stage of near-detuned trapping light further cools and compresses the atoms (CMOT) for loading into the magnetic trap. Both MOT stages use a magnetic gradient of 8 G/cm. After fast turn-off of the MOT coils, we use a 1.5 ms optical pumping pulse to preferentially populate the |F = 2, m F = +2 state and then quickly load the atoms into the magnetic trap. Once in the magnetic trap (60 G/cm), the atoms have a temperature of about 60 μK. The atoms are then transferred to the transport system, delivered to the chip region, and then loaded into the chip Z-wire trap using the 87 Rb procedure. Successful chip loading requires low temperatures and large atom numbers: The image in Figure 12 (b) was obtained with a large 39 K MOT enabled by increasing the total MOT trapping power to 200 mW by sending the light from the K tapered amplifier into the Rb tapered amplifier for further amplification. Figure 12(a) shows the magnetic trap produced by this double amplifier method. We observe a Z-wire trap lifetime of about 9 s for 39 K, comparable to the 87 Rb lifetime. We have also applied the cooling, trapping, and transport procedure to both Rb and K simultaneously, in anticipation of future sympathetic cooling of K by Rb. 33 In the future, we plan to convert the potassium tapered amplifier to a double-pass configuration 34 to maximize the available trapping power and produce larger ultracold potassium samples. 35 Due to the smaller K atom numbers relative to Rb, we image the atoms in the chip trap by applying a circularly polarized, retro-reflected, red-detuned probe laser along one of the absorption imaging paths and observing the fluorescence with the camera transverse to the beam (see Figure 12 (b)). We refer to this method as "1D MOT" imaging 26 (see Table I for laser parameters), since the setup mimics a MOT with two counter-propagating trapping beams and a magnetic field minimum provided by the Z-wire trap (I Z = 1 A, B hold = 11.6 G, B Ioffe = 2.5 G).
D. Dipole traps
We operate separate dipole traps in the MOT cell and at the atom chip. We have successfully loaded near-degenerate thermal 87 Rb atoms from the Z-wire trap into the atom chip dipole trap (see Figure 12(d) ), which we are using for experiments in the vicinity of the atom chip. 36 In the MOT cell, we have successfully loaded atoms into the crossed dipole trap (see Figure 12(c) ) from the magnetic trap by operating both traps simultaneously and performing RF evaporative cooling, following the method of reference: 14 we obtain a phase space density of 10 −4 with up to 6 × 10 6 87 Rb at μK-level temperatures and a 14 s lifetime in the retro-reflected 6 W dipole trap. We are optimizing the alignment of the crossed dipole trap lasers in preparation for evaporative cooling to higher phase space densities by lowering the trapping laser intensities.
IV. CONCLUSION
In conclusion, we have constructed a dual-species ultracold atom apparatus that combines several innovations, such as LIAD, magnetic transport, optical trapping in two chambers, and an atom chip. The apparatus produces 87 Rb BEC in an atom chip micro-magnetic trap. We have also laser cooled 39 K atoms and transported them to the second chamber, and then loaded them into the chip Z-wire trap: to our knowledge this experimental milestone is the first time that bosonic potassium has been confined in a chip trap, opening up the possibility of a chip-based ultracold gas or BEC with tunable interactions via low-field Feshbach resonances. Furthermore, the vacuum in the MOT cell is sufficiently good to support dipole trap-based experiments, thus roughly doubling the viable locations for experiments on the apparatus. The next step in preparing the 39 K atoms for experiments is to cool them to μK-range temperatures or lower via sympathetic cooling by 87 Rb, 37 which is necessary due to the limited number of trapped 39 K atoms. In principle, the methods presented here can be extended to trapping bosonic 41 K, 85 Rb, or fermionic 40 K on the chip.
The separation of the vapor-loaded MOT and the atom chip into two distinct vacuum chambers prevents line-of-sight contamination of the atom chip region. This feature ensures that substrate surfaces near the atom chip will remain relatively clean for future atom-based surface studies, such as measurements of the Casimir-Polder force. We envisage using the low magnetic field Feshbach resonances of the bosonic potassium isotopes to enhance or suppress inter-atom interactions for atom interferometry and many-body physics experiments. The apparatus is also well suited for other planned atom chip-based experiments, such as tests of novel trapping schemes using RF near-fields and studies of quantum pumping and transport. 36 
